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PHeart Rhythm Disorders
Atrial Fibrillation Begets Atrial
Fibrillation in the Pulmonary Veins
On the Impact of Atrial Fibrillation on the
Electrophysiological Properties of the Pulmonary Veins in Humans
Thomas Rostock, MD, Daniel Steven, MD, Boris Lutomsky, MD, Helge Servatius, MD,
Imke Drewitz, MD, Hanno Klemm, MD, Kai Müllerleile, MD, Rodolfo Ventura, MD,
Thomas Meinertz, MD, Stephan Willems, MD
Hamburg, Germany
Objectives Our purpose was to investigate the impact of short-lasting atrial fibrillation (AF) on the electrophysiological prop-
erties of the atria and pulmonary veins (PVs) in patients devoid of AF.
Background The presence of AF is associated with electrical remodeling processes that promote a substrate for arrhythmia
maintenance in the atria, which has been termed “AF begets AF.” However, it is unclear whether those electrical
alterations also occur in the PVs.
Methods Thirty-five patients with a left-sided accessory pathway and without a prior history of AF were included. After suc-
cessful ablation, the effective refractory periods (ERPs) and conduction times of the right atrium (RA), left atrium
(LA), and the PVs were determined. Afterwards, AF was induced and maintained for a period of 15 min. Thereaf-
ter, the stimulation protocol was repeated.
Results At baseline, the PVs had significantly longer ERPs than the atria. After exposure to AF, the ERPs of both the atria
and the PVs decreased significantly. The ERPs of the PVs, however, decreased by a significantly greater extent
than the ERPs of the atria (PVs: 248  27 ms vs. 211  40 ms, p  0.001; LA: 233  23 ms vs. 214  20 ms,
p  0.004; RA: 226  29 ms vs. 188  20 ms; p  0.003). After AF exposure, the PVs demonstrated a significant
conduction slowing whereas the atria did not (PVs: 125  33 ms vs. 159  37 ms, p  0.001; LA: 129  26
ms vs. 130  24 ms, p  NS; RA: 192  36 ms vs. 196  32 ms, p  NS). Finally, AF was more frequently
induced after the presence of AF, particularly by pacing in the PVs (14% vs. 49%, p  0.001).
Conclusions New-onset, short-lasting AF creates electrical characteristics similar to those of patients with AF. However, these
alterations are pronounced in the PVs compared with the atria, indicating that “AF begets AF in the PVs” (Elec-
trophysiological Properties of the Pulmonary Veins; NCT00530608). (J Am Coll Cardiol 2008;51:2153–60)
© 2008 by the American College of Cardiology Foundation









dtrial fibrillation (AF) results from a complex interaction of
everal mechanisms, which can be generally categorized as
riggers, sources, and substrate. Once initiated, a variety of
actors promote arrhythmia perpetuation (i.e., shortening of
efractoriness, increased heterogeneity of refractoriness, and
egional conduction slowing), which strengthen with the
ime of AF persistence (1–4). Wijffels et al. (4) observed
hat while induced AF was initially short lived, the artificial
aintenance of AF resulted in progressive increase of its
ropensity to become sustained with time, providing the
rom the University Hospital Eppendorf, Department of Cardiology, Hamburg,
ermany.t
Manuscript received January 14, 2008; revised manuscript received February 4,
008, accepted February 11, 2008.nnovative concept of “AF begets AF.” Thus, the atria
emodel to an AF promoting substrate due to the arrhyth-
ia itself, resulting in a self-perpetuating process.
See page 2161
The seminal observation by Haissaguerre et al. (5) that
ocal electrical discharges of the pulmonary veins (PVs) are
he predominant sources of AF has stimulated intensive
esearch into PV arrhythmogenicity. The same group was
he first to demonstrate that patients with AF have distinct
lectrophysiological characteristics of the PVs with shorter
ffective refractory periods (ERPs) and more pronounced
ecremental conduction properties as compared with pa-
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AF Begets AF in the PVs June 3, 2008:2153–60iological alterations of the PVs
depend on the presence of AF
itself and are subsequently also
inducible in humans without a
prior history of AF is not inves-
tigated so far. Thus, the aim of
this study was to evaluate the
changes of electrophysiological
PV properties in non-AF pa-
tients in response to induced,
new-onset, short-lasting AF.
Methods
The study consists of 35 patients
(age: 43  13 years, 21 men)
with a left-sided accessory path-
ay (AP), either pre-excitating (n  20) or concealed (n 
5), who underwent primary catheter ablation. No patient
as had a prior history of AF, and no patient received
ntiarrhythmic drugs before the procedure. Patients with
tructural heart diseases were excluded from the study. The
atients’ baseline characteristics are presented in Table 1.
he study protocol was approved by the Hamburg Ethics
ommittee.
lectrophysiological study and catheter ablation. All pa-
ients provided informed written consent. Electrophysiolog-
cal study and catheter ablation were performed with the
atient in a fasting state and under mild sedation with
idazolame and fentanyl.
Surface electrocardiograms and bipolar endocardial electro-
rams were continuously monitored and stored on a computer-
ased digital amplifier/recorder system with DVD storage for
ff-line analysis (Labsystem Pro, Bard Electrophysiology, Bos-
on, Massachusetts). Intracardiac electrograms were filtered
rom 30 to 500 Hz, and measured with computer-assisted
alipers at a sweep speed of 100 mm/s.
The following catheters were introduced via a right
nd/or left femoral vein access: 1) 2 nonsteerable quadripo-
ar catheters (Inquiry 5-F, Josephson, IBI, Irvine, Califor-
ia) were positioned in the high right atrium (RA) and the
ight ventricular apex; 2) a nonsteerable decapolar catheter
Inquiry 5-F, Cournand, IBI) in the His position; standard
uadripolar or decapolar electrode catheter was placed in the
oronary sinus (CS); and 3) a 3.5-mm externally irrigated-
ip ablation catheter (Celsius ThermoCool, Biosense Web-
aseline Patients Characteristics
Table 1 Baseline Patients Characteristics
n 35
Age (yrs) 42 14
Men (n) 21
WPW syndrome 20
Concealed accessory pathway 15




AF  atrial fibrillation
AP  accessory pathway
CS  coronary sinus
ERP  effective refractory
period
LA  left atrium
LAA  left atrial
appendage
PV  pulmonary vein
RA  right atrium
RAA  right atrial
appendagecter, Diamond Bar, California) was used for mapping and
blation. All APs were approached from the left atrium
LA), which was accessed either by passage of a patent
oramen ovale or by transseptal puncture. A single bolus of
0 IU/kg heparin was administered after accessing the LA.
apping and ablation of APs was performed by the use of
stablished criteria (7). Radiofrequency catheter ablation
as performed using a power setting between 30 and a
aximum of 40 W.
tudy protocol. The study protocol was carried out within
30-min waiting period after successful ablation of the AP,
hich is routinely performed in our institution for the
etection of early conduction recurrences.
The protocol included the following steps: 1) ERP assess-
ent of the PVs, the LA, and the RA, respectively;
) induction and sustaining AF for 15 min (including imme-
iate reinduction in case of spontaneous termination and
ardioversion if the arrhythmia did not terminate spontane-
usly after 15 min); and 3) reassessment of the ERPs of the
Vs, the RA, and the LA immediately after AF termination.
The protocol discussed in the preceding text was realized as
ollows: first, the ERPs of all PVs, the left atrial appendage
LAA), and the right atrial appendage (RAA) were deter-
ined by programmed stimulation using a basic drive cycle
ength of 440 ms. Pulmonary vein stimulation was performed
s described previously in detail (8). Briefly, a circumferential
ecapolar PV mapping catheter (Lasso, Biosense Webster) was
laced in an ostial position of the PVs. For PV pacing, the
blation catheter was placed in a distal position from the Lasso
atheter. The Biotronik stimulator (UHS 20) was used for
timulation. The diastolic pacing threshold was measured at
ach site, and pacing was subsequently performed with a
acing output twice the diastolic threshold. A single premature
xtrastimulus was coupled (350 ms) after a basic drive train of
stimuli, and decremental stimulation was performed with an
utomatically shortened coupling interval in 10-ms steps until
eaching the ERP. Two steps of subsequent stimulation trains
ere continued after the ERP was achieved to unmask poten-
ial ERP gap phenomena. The ERP of the PVs was defined as
he longest coupling interval of a failed captured premature
xtrastimulus (S2) after the basic drive cycle to capture local PV
usculature. The ERP of the RA and LA were defined as the
ongest coupling interval of a failed captured premature extra-
timulus (S2) to capture local RAA or LAA musculature. In
ase of AF induction in response to extrastimulation, the ERP
as assessed by using incremental programmed stimulation
tarting at a shortest coupling interval of 70 ms. All ERPs were
onfirmed by repeating programmed stimulation starting 30
s above the initial measurement. Additionally, the conduc-
ion time from each pacing site (PVs, LAA, and RAA,
espectively) to the earliest atrial electrogram in the CS catheter
as measured at baseline at the shortest coupling interval
efore reaching local ERP, herein after referred to as maximal
ncrement. After the exposure to AF, the maximal decrement
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June 3, 2008:2153–60 AF Begets AF in the PVsIn a second step, AF was induced by rapid atrial burst
acing, either from the LAA or RAA, up to a minimal cycle
ength before the loss of a 1:1 atrial capture. If induced AF
erminated spontaneously, AF was reinduced immediately
fter termination by atrial burst pacing without permitting a
ingle sinus beat interspersing terminated AF and burst
acing. When AF lasted for longer than 15 min, an external
ardioversion was performed (strictly within 2 min) using
xternal patch electrodes, which were placed on the patients’
hest before the procedure.
Finally, the ERPs of the PVs, the RA, and the LA were
eassessed immediately after AF termination using the same
rotocol as described in step 1. In this step, PV stimulation
as been performed in a random order.
tatistical analysis. All data are given as mean  standard
eviation. Statistical analysis was performed with SPSS
ersion 11.0 (SPSS Inc., Chicago, Illinois). Paired data are
xpressed by use of a paired t test for parametric data and
ilcoxon log-rank test for nonparametric data. A 2-tailed
value 0.05 was considered significant. The ERPs of the
Vs were averaged within subjects and then compared, with
he exception of comparisons between the given PVs (i.e.,
eft superior PV, left inferior PV, right superior PV, and
ight inferior PV, respectively).
esults
ll PVs of the 35 study patients were targeted for PV
timulation (n  139, 1 patient had a common trunk of the
eft PVs). Programmed stimulation was feasible in all
argeted PVs. Under baseline conditions, the PVs demon-
trated significantly longer ERPs as compared with the LA
PVs vs. LA: 248 27 ms vs. 233 23 ms; p 0.021) and
Figure 1 Mean ERPs of the PVs and the Atria
Statistical comparison of the effective refractory periods (ERPs) of the atria and
the pulmonary veins (PVs) (n  139) before (Pre) and after (Post) the exposure
to atrial fibrillation. LA  left atrium; RA  right atrium.ignificantly longer ERPs as compared with the RA (PVs vs.
l
sA: 248  27 ms vs. 207  24 ms; p  0.001). Notably,
he mean ERP of the RA was significantly shorter than the
ean ERP of the LA (207  24 ms vs. 233  23 ms;
 0.001) at baseline.
mpact of AF on ERP. Induction of AF was feasible in all
atients, lasting for at least several seconds or a few minutes.
n case of spontaneous termination, AF could be reinduced
mmediately after termination without an interspersing
inus beat. In 6 patients, AF did not terminate spontane-
usly after 15 min, requiring external cardioversion to
estore sinus rhythm. The mean baseline sinus cycle lengths
efore and after exposure to AF were not significantly
ifferent (854  118 ms vs. 840  127 ms, p  0.785). A
otal number of 115 PVs (83%) responded to AF with an
RP decrease of at least 10 ms (mean decrease: 37  34
s). The mean ERP of all PVs (n  139) was significantly
onger at baseline as compared with the ERP assessed after
5 min of AF (248  27 ms vs. 211  40 ms; p  0.001)
Fig. 1). The ERP changes due to AF of the given PVs are
emonstrated in Table 2. Thus, all 4 PVs demonstrated a
ignificantly shorter ERP after the exposure to AF as
ompared with their baseline ERP (Fig. 2). While the PVs
emonstrated significantly longer ERPs than the atria did at
aseline, this difference with regard to ERPs was abolished
fter the exposure to AF (PV vs. RA: 211  40 ms vs.
88  20 ms; p  0.104/PV vs. LA: 211  40 ms vs.
14  20 ms; p  0.265). However, the mean ERP of the
A remained significantly shorter than the mean ERP of
he LA (188  20 ms vs. 214  20 ms; p  0.001). There
lectrophysiological Parameters









Pre-AF 245 31 150–300 119 35
Post-AF 198 49* 70–260 156 27*
LIPV 34
Pre-AF 237 26 170–280 110 25
Post-AF 201 26* 80–270 140 29*
RSPV 35
Pre-AF 253 25 190–290 139 32
Post-AF 218 37* 70–260 181 45*
RIPV 35
Pre-AF 254 28 200–320 131 31
Post-AF 226 29* 140–280 160 33*
LA 35
Pre-AF 232 24 200–280 129 26
Post-AF 214 20† 170–250 130 24
RA 35
Pre-AF 207 24 170–270 192 36
Post-AF 188 20† 140–250 196 32
Pulmonary veins (PVs): pre-atrial fibrillation (AF) versus post-AF, p  0.001; †Atria: pre-AF versus
ost-AF, p  0.01.
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AF Begets AF in the PVs June 3, 2008:2153–60ere no significant differences of the ERP changes in
atients who required cardioversion as compared with the
Figure 2 Assessment of PV ERP by Programmed Stimulation
(Top) Fluoroscopic view of the catheter setting during a programmed stimulation of a
placed at an ostial position of the LSPV while the ablation catheter (Map) is placed di
of the programmed stimulation within the LSPV after the exposure to atrial fibrillation
eter (Map). The stimulation is performed with a basic drive cycle length of 440 ms, an
ERP. (1) At a coupling interval of 280 ms, the delay between S2 and the atrial farfield
extrastimulus coupling interval with a maximal increment of 300 ms induced by progra
ture (S1/S2 to 110 ms). Of note, the S2 to PV potential interval also increases with sh
100 ms, which is markedly shorter as compared with the ERP before the atrial fibrillat
vein potential; II, III, and V1  surface electrocardiogram leads; other abbreviations aatients who did not require cardioversion. tIn response to AF, the mean ERP of all PVs (n  139)
howed a significantly greater decrease as compared with
erior pulmonary vein (LSPV). The circumferential mapping catheter (Lasso [LS]) is
rom the Lasso catheter within the LSPV. (Middle and bottom) Intracardiac tracings
er setting as mentioned above). Stimulation is conducted through the ablation cath-
gle extrastimulus is automatically decremented in steps of 10 ms until reaching the
tial (AFF) is 140 ms. This delay continuously increases with further shortening of the
stimulation with the shortest coupling interval with local capture of the PV muscula-
ng of the coupling interval. The ERP of the LSPV is reached at a coupling interval of
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June 3, 2008:2153–60 AF Begets AF in the PVss; p  0.005/PVs vs. LA: 37  34 ms vs. 19  20 ms;
 0.009).
mpact of AF on conduction properties. The changes
f conduction times in response to AF are demonstrated
n Table 2 for the given pacing sites (PVs, LAA, and
AA, respectively). Thus, the mean maximal increment
f all PVs (n  139) increased significantly in response to
F, whereas the atria (LAA and RAA) did not demon-
trate a significantly changed conduction velocity. Inter-
stingly, the maximal increment of the superior PVs
ncreased by a significantly greater extent as compared
ith that in the inferior PVs (40  28 ms vs. 30  14 ms;
 0.033).
mpact of AF on AF susceptibility. At baseline, pro-
rammed stimulation induced AF in 5 patients (14%).
trikingly, after the presence of AF, programmed stim-
lation induced AF in a significantly higher amount of
atients (n  17, 49%; p  0.001). Of note, under
aseline conditions, AF was exclusively induced by pro-
rammed stimulation from the RAA, the site with the
hortest baseline ERP. After the presence of AF, the
rrhythmia was more often induced from the PVs (in 10
atients) with a preferential distribution to the superior
Vs (only 1 AF induction from a left inferior PV).
urthermore, the induction of AF from the PVs occurred
n response to extrastimulation and during the baseline
rain before delivering an extrastimulus (Figs. 3 and 4).
Figure 3 Induction of AF by Programmed Stimulation
Programmed stimulation with a pulmonary vein after the presence of short-lasting
(indicated by an asterisk), which is characterized by a complex fractionation and a
the AF cycle length of the atria (CS  230 ms, HRA  210 ms). Abbreviations asiscussion
his study first demonstrates the impact of short-lasting AF
n the electrophysiological characteristics of the PVs in
umans devoid of AF. At baseline, the PVs display signif-
cantly longer ERPs than the atria. After a short-lasting
pisode of AF, the ERPs of both atria and PVs decrease
ignificantly. However, the electrophysiological response to
F is markedly pronounced in the PVs indicated by a
ignificantly greater extent of ERP shortening as compared
ith that in the atria. Moreover, the short-term presence of
F does influence the PV electrophysiology by slowing the
onduction velocity, without affecting the conduction times
f the atria. Finally, the susceptibility to induce AF is
ignificantly higher after the exposure to short-lasting AF,
articularly by pacing from within the PVs.
lectrophysiological changes associated with AF. The
urrent knowledge on electrophysiological alterations of the
eart linked to AF (electrical, structural, and mechanical) is
ainly based on experimental (animal) studies (1–4). Fur-
hermore, clinical data on AF-related electrical characteris-
ics, including the landmark studies on AF mechanisms
rovided by the group of Allessie et al. (4,9,10), are derived
rom investigations that are confined to AF processes in the
A. However, AF inducing and perpetuating processes in
umans are predominantly localized in the LA and its
djacent thoracic veins (i.e., the PVs [5] and the CS
brillation (AF). The extrastimulus with a coupling interval of 140 ms induces AF
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AF Begets AF in the PVs June 3, 2008:2153–6011,12]), particularly in patients with self-terminating AF
pisodes. Accordingly, a left-to-right frequency gradient has
een shown in AF-induced, Langendorff-perfused sheep
earts (13). Moreover, in the clinical setting, paroxysmal AF
s associated with a PV-LA frequency gradient (14,15). The
rucial role of the PVs in human AF is furthermore
orroborated by their distinct electrophysiological proper-
ies, which are strikingly different from those of patients
ithout AF (6). Additionally, it has been demonstrated that
atients with AF have significantly shorter ERPs within the
Vs compared with the PV-LA junction (16,17) and the
tria (17). It is, however, unclear whether those electrical
haracteristics of the PVs are a pre-existing condition
redisposing to AF or if the presence of the arrhythmia
tself causes these distinct electrical alterations and thereby,
tarts a cascade leading to “AF domestication” (4). The
bserved characteristic electrophysiological properties of the
Vs and atria of patients with AF are similar to those of
atients exposed to short-term AF as has been shown by our
tudy. Thus, the data of the present study demonstrate that
ven short-term exposure of AF to “electrically unaltered”
uman atria results in electrical properties characteristic of
F in conjunction with a significantly increased AF suscep-
ibility. Thus, even patients without an AF predisposing
ubstrate may rapidly develop an arrhythmogenic milieu
imilar to those of patients with AF. This observation
Figure 4 Induction of AF by PV Stimulation
Tracing illustrating the approach of programmed stimulation in a pulmonary vein (P
with a markedly shorter AF cycle length in the vein as compared with the atria. Of
150 ms, a “PV echobeat” (indicated by an asterisk) from the same vein occurred
tively, that starts AF in the vein. Abbreviations as in Figure 2.rovides evidence that the arrhythmia itself causes distinct clectrical alterations associated with AF and, therefore,
ndicates that the process of AF induced “electrical remod-
ling” does not necessarily require a predisposing substrate.
ime course of AF-associated alterations. Allessie (18)
roposed 4 time domains to distinguish between the differ-
nt adaptation processes linked to AF: 1) short-term, lasting
or seconds to minutes with metabolic changes;
) moderate-term (hours to days), with electrical alterations;
) long-term, during a time period of several weeks with
ontractile changes; and 4) very-long-term (months to
ears), with anatomical consequences for the heart. While
etabolic changes occurring during the initial phase of AF
apidly result in a new steady-state of intracellular ion
oncentrations, activity status of ion pumps, and phosphor-
lation of ion channels, processes other than metabolic (e.g.,
hange of ion channel density and properties) occur after
ours and days, leading to the characteristic electrical
hanges (18–20). Daoud et al. (21) were the first to
emonstrate the effect of short-lasting AF (7 min) on the
lectrophysiological properties of the RA, which were char-
cterized by ERP shortening and an increased propensity of
F induction. Their study furthermore revealed that these
lectrical alterations recover in a time frame of 5 to 8 min to
he baseline value, while the increased AF susceptibility
iminishes progressively as the elapsed time after the pri-
ary exposure to AF increases (21). The present study
r the presence of atrial fibrillation (AF). The first baseline stimulus induces AF
he first baseline stimulus is responded by a normal PV potential. After a delay of
precocity of 180 ms and 205 ms to the following CS and HRA potential, respec-V) afte
note, t
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June 3, 2008:2153–60 AF Begets AF in the PVshe RA and demonstrates its similar occurrence in the LA
nd PVs. Thus, significant electrical changes are already
nduced by short-lasting AF (a few minutes) despite the
bsence of a predisposed substrate. Interestingly, these
hanges were significantly more pronounced in the PVs as
ompared with the atria. These findings suggest that first,
he PVs are more susceptive to metabolic and subsequent
lectrical alterations due to AF and second, the time
omains of the “AF begetting AF” process may progress
ore rapidly in the PVs than in the atria, which both again
lucidate the crucial role of the PVs in AF.
echanistic and clinical impact. The findings of the
resent study provide new information on potential mech-
nisms of the electrical establishment of human AF. Con-
inuous short-term firing from a single PV may create a
usceptible substrate in other PVs (and the atria). This in
urn may lead to independent offspring of arrhythmogenic
rocesses in other PVs (and thereinafter in the atria), i.e.,
ocal electrical discharges and formation of (micro–)
e-entrant circuits. This “ping-pong” effect of the PVs
mong themselves and between the PVs and the atria is
otentially capable of maintaining the arrhythmia and,
hereby, starting the vicious circle of AF.
In experimental studies, it has been shown that intracel-
ular calcium-lowering drugs (e.g., verapamil) shorten the
ime course of AF-associated electrical remodeling of the
tria (22,23). These experimental studies are corroborated
y the clinical observation that the incidence of early AF
ecurrences after cardioversion is significantly reduced under
n oral pre-treatment with verapamil (24). Nevertheless, it
s unknown whether these effects are confined to verapamil-
nduced changes of the calcium current properties of the
tria. However, it has been shown that an abnormal calcium
egulation may underlie PV arrhythmogenicity (25). More
ecently, aging-related alterations in calcium regulatory
roteins (e.g., ryanodine receptors) are demonstrated to
ncrease PV arrhythmogenesis (26). Therefore, it is conceiv-
ble that verapamil also affects the electrical remodeling of
he PVs.
Further studies, both experimental and clinical, are de-
ired to reveal additional information regarding the under-
ying mechanisms of electrical remodeling of the PVs and
he time course of its occurrence. Accordingly, exploring the
echanisms may provide a new therapeutic avenue for
reatment of AF by antiarrhythmic drugs or interventional
pproaches in the future.
tudy limitations. Besides AF-induced shortening of ac-
ion potential durations and alterations of ion current
ctivities, changes in the autonomic tone due to the onset of
F might be one factor that influences atrial and PV
lectrophysiology. In our study, the mean sinus cycle lengths
efore and after the presence of AF did not differ signifi-
antly, indicating a relatively constant degree of autonomic
one (21). Nevertheless, pharmacologic autonomic blockade
s required to definitely exclude influences by a variable
utonomic tone. However, since this study sought to inves-igate the electrophysiological response to AF as it occurs in
he clinical setting, including all influencing mechanisms,
e did not use an autonomic blockade.
Since programmed stimulation was performed at 6 dif-
erent sites (RA, LA, and PVs, respectively), we were not
ble to investigate the time course of the ERP changes
ecause repeated interruption of AF may prevent the
ccurrence of electrophysiological alterations, as it has been
emonstrated in our study.
onclusions
ew-onset, short-lasting AF induces significant changes of
lectrophysiological properties of both atria and PVs and,
hereby, creates electrical characteristics similar to those of
atients with AF. However, these changes are significantly
ore pronounced in the PVs as compared with the atria,
ndicating that “AF begets AF in the PVs.”
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